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THE PHENOMENON OF DYNAMIC STALL

W. J. McCroskey

Ames Rescarch Center, NASA and U. 8. Army Rescarch
and Technology Laboratories (AVRADCOM)
Ames Research Center, Moffett Field, California, USA

1. INTRODUCTION

Stall and its consequences are fundamentally important to the design and
operation of flight vehicles. A certain degree of unsteadiness always accom-
panies the flow over an airfoil or other streamlined body at high angle of
attack, but the stall of a lifting surface undergoing unsteady motion is even
more complex than static stall. Although much progress has been made in
recent years, dynamic stall remains a major unsolved problem with a variety of
current applications in aeronautics, hydrodynamics, and wind engineering.

These lectures will summarize the main physical features of the phenomenon
and the aiiempts that have been made to predict it. The information presented
is drawn mainly from recent review articles (Ref. 1-5) and investigations by
the author and his colleagues (Refs. 6-9). Since a large fraction of the
existing knowledge has come from experimental research, the details of dynamic
stall are discussed princivally in physical terms.

2. GENERAIL. FEATURES

Above a certain critical angle of attack, the {low around a slender 11ife-
ing surface breaks down into the phenomenon called stall., On an oscillating
airfoil whose incidence is increasing ranidly, the onset of the stall can be
delayed to iucidences considerably in cxcess of the static statl angle. Unece
dynamic stall does occur, however, 1t 1s usually more severe and more persis-
tent than static stall. The attendant acrodynamic forces and moments exhibit
large amounts of hysteresis with respect to the instantaneous angle of attack
a{t), especially if « oscillates around some mean vialue a, that is of the
order of the static stall angle agge

Lumereus experiments
have shown that dynamic
slall is characterized by
the shedding and passage
over the upper surface of
the litting surface of a
vortex-like disturbance.
This viscour disturbance
induces a highly nonlineas,
{ turtuat ing pressure field
filtustrated In Fig. 1 ).
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it baging near the leading edge and passes through the distinct stagen
11lustrated in Figs. 2 and 3. Figure 2 and the accompanying Table 1 show
the typilcal hysteresis in Cp,» Cy» and Cp versus angle of attack, while

Fig, 3 Indicates the loci of the various etall events on the airfoll plotted
in an x-t diagram.

In the unseparated region betweon poiuts 1 and 2 in Figs. 2 and 3,
the 1ift and pitching moment follow approximately the trends of unsteady
linear thin airfoil theory. Sometime after & exceeds agg, a thin layer
of reversed flow develops at the bottom of the boundary layer. On the
so-called trailing-edge stalling airfoils (e.g., Fig. 3), this tongue of
reversed flow starts at the rear of the airfoil and moves forward to the
leading-odge region, whereas on leading-edge stalling profiles it develops
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TABLE .- THE DYNAMIC STALI, EVENTS OF FIGS. 2 AND 3

Point Ilow structure Forces and moments
1 Thin attached boundary layer Lincar regime
2 Flow reversals within boundary Exceed static ch , extrapolate
ax

layer linear regime

3 yortex detaches and moves over Pitching m¢ .t diverges, vortex
alrfoll surface 1ift prese: .

4 Vortex continues toward trailing Maximum 1i1ft and moment, followed
edge by rapid decay

5 Secondary vortex Secondary peaks

6 Reattachment of flow from leading Readjust to linear regime
adpge

quickly and very locally just dowvnstream of the suction peak on the upper
surface. 1n either case, a vortex then bepins to evolve near the leading-
edpe region and spread rearward, as shown in the two center scenes in Fig. 1,
ol a speed somewhat less than 1/20.. The assoclated distortion in the
pressure distribution causes the quarter-chord pitching moment to diverge
from its previous trend, at point 3 In Figs. 2 and 3, to large negative
values. The drag also begins to rise dramatically. However, unlike static
stall, the lift usually coutinues to inerease monotonically until the vortex
is well past midchord.

As the vortex necars the trailing edge, 1ift, moment, and drag reach thelr
largest values (point 4), although usually not exactly simultancously, and
then drop dramatically. Secondary and sometimes tertiary vortices produce
additional fluctuation in the alrloeads, point 5, but at greatly reduced levels.
Lf o is decreasing in the meantime, the flow will begin to reattach, point 6,
at some angle of attack much less than  «agzq.  The reattachment point moves
rearward at a speed well below U, so that several chord lengths of travel
are required before the flow completely returns to the approximately linecar
domain,

The dynamic alrivads are, of course, manifestations of the unsteady pres-
sure distributions on the airfoll. Therefore, it 1s {nstructive te look at
¢, as a function of space and time. Flgure 4 shows the pressure distribution
nl discrete times, obtaived from lo miniature pressure transducers distributed
over the upper surface of the atrfoil. Fipure 5 shows the continuous time
nistorfos of cach of these 16 transducers. The abrupt collapse of suction
around the leading edge and passage of the primary and secondary vortices are
parvticularly evident in these figures.

2.0 Mesteresis and Acrodyuamic Damping

Each of the aforement loned dyviomic stall events takes a finite amount of
time to develap, scaling approximately as U AM/e. However, once they are
initLated, they tomd to be relatively tudependent of the airfoil motion. 1n
addition to the obvlous fmplications for mathemat feal modeting of the phenom—
cnont, this has two fmportant physical consequences. The first Is the lag and
asvmmetry of the airloads with respect to the motlon of the body; thls pro-
duces the hvsteresis discussed in Section 2.1 and readily apparent n ¥ig. 2.
Mils represents an boportant coatrast to the quasi-steady timit, for which the
flow Uield adjusts fmaediately te cach change in incidence. o the steady
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for the conditions of Fig. . Fig. 2.

case, the aerodynamic forces are approximately unique functions of a, whether
a is lncreasing or decrecasing; thercfore, angle of attack becomes a primary
parameter to the aerodynamicist. It remains an important one in unateady
separated flow, but it 1is clearly not so unique.

The second and closely related point concerns what the aerodynamicist
considers to be aerovdynamic damping or, more properly, the net acrodynamic
work per cycle of vscillatioem, and its relationship to flutter. For a pitch~
ing airfoil, the instantaneous work done on the fluid by the body due to its
motion is dW = =Mda, where M is the pitching moment about the axis of rota-
tion and is positive for nose-down airloads. Although the product of Cyda
i{s normally negative, during some phases of dynamic stall it can become
positive, so the fluid is doing work on the body instead of vice versa,

The so-called pitch-damping parameter, given by [ = —&CMdu/Aulz, is a
measure of the net work done over a cownlete cycle of oscillation. If ¢ is
negative, the airfoil extracts encrgy from the airstream, and the pirch oscll-
lations will tend to increase in amplitude unless restrained. This, of course,
is the coundition for flutter, and the hysteresls of dynamic stall permits it
to occur in a single degree of (recdom of oscillatory body motion. Normally,
Lu unseparated flows tfiutter only occurs whea the body motion includes
multiple deprecs of Treedom, c.g., combined bending and torsioen of an atreraflt
wing.

qtall flutter, arising from this wegative piteh damping, tends to oceur
whon the atvfol!l is oscillating in and out of stall. As Indicated in Fig, 6
from Ref. 10, the damping is given by the ared inside the Gy - o  trace. For
this example, it is positive throughout the eycle when a, = 7.3, t.c., when
no stall occurs, and when o, = .65, L.e., when the airfoil remains stalled
throuphout the cyele.,  However, for ua, = 14.9%, the atrfoll is stalled part
of the Cime and not at other tlmes, and the areas inside the clockwise loops
(¢« ) and countevclockwise loops (5 > 0) are approximately the same. This
indicates noutral stablifty.  Had the mean angle been slightly less, the et
damping would probabiy have been negative and the oseillation would thevefore

have been unstable iy wnrestrrined.

P




Stall-induced negative damping
can occur In other types of motiom,
such as plunging oscillations
(Ref. 10). In this case, thc aerody-
nanic work is dW = Ldh, where h is
the displacement of the airfoil per-
pendicular to the oncoming flow., As
before, unstalled motion is normally
stable, and the tendency toward
ingtability 1s greateat when the air-
foil oscillates in and out of atall.

3. STALL REGIMES

The flow field around an oscil-
lating airfoil in subsonic flow can
be characterized by the degree or
extent of flow separation. For a
given airfoil, the primary parameter
that determines the degree of separa~
tion is the maximum angle of attack
(apax = ap + @, for sinusoidal
oscillations). An important aspect
of dynamic stall is the large ampli-
tudes of the motion which produce
the large maximum angles. This con-
trasts with the hierarchy of viscous
effects vn oscillating airfoils at
transonic speeds and low angles of
attack, where the scale of the inter-
action is governed primarily by the
strength and motion of the shock
wave,
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Fig., 8. The cffect of mean angle on
lift and moment coefficienta and on
aerodynarriic damping.

So far, prediction methods for this class of problems have not been

successful for the low-speed, high-angle problems and vice versa.

The importance of o, 1s illustrated in Fig. 7 (from Ref. 8), which
portrays four important regimes of viscous-inviscid interaction for oscillat-

ing airfoils,

For the left-hand part of the figure, i.e., op,, = 13°, there

is almost no separation throughout the cycle, although unsteady boundary-layer
displacement thickness effects are not completely negligible. When op,, 1is
increased to 14°, the limited separation that occurs during a small fraction
of the cycle distorts the hysteresis loops of the ungteady pressures and air-
loads. From a practical standpoint, the effect on Cyq 1s particularly impor-
tant, This stall-onset condition represents the limiting case of the maximum
Hft that can be obtained with no significant penalty in pitching moment or

drag.
A slight additional increase in

conditions shown in Fig. 7.

tpax Lo 15° produces a major increase
in the extent, severity, and duration of the separation phenomenon, for the

This type of viscous-inviscid interaction pro-
duces what 1is called "1ight dynamic stall" (Refs. 8-9),

Further increases in

tmax  lead to the deep dynamic stall repime, with a large viscous zone over
the centire upper surface of tie airfoil during half or more of the cycle,
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3.1 Light Stall

This category of dynamic stall shares some of the general features of
classical static stall, such as loss of 1lift and significant increases in drag
and rose-down pitching moment compared to the theoretical inviscid values,
when o exceeds a certain value. In addition, the unsteady stall behavior is
characterized by large phase lags and hystereses in the separation and
reattachment of the viscous flow and, consequently, in the airloads. Also,
the tendency toward negative aerodynamic damping, as discussed above, 13
strongest in this regime,

A Y
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Anothet distinguishing feature of the light dynamic stall is the scale of
the interaction. The vertical extent of the viscous zone tends to remain on
the order of the alrfoil thickaess, generally less than for static stall.
Consequently, this class of oscillating airfoil problems should be within the
scope of zonal methods or thin-layer Navier-Stokes calculations with rela-
tively straightforward turbulence modeling.

The quantitative behavier of tight stall s known to be especially sensl-
tive to airfoil geometry, reduced frequency, maximum incidence, and Mach
number; also, three~dimensional effects and the type of motion are probably
important. The gualitative behavior is closely related to the boundary-
layer-separation characteristics, e.g., leading~edge versus trailing-edge
separation, and to the changes in this separation behavior with  agay, k, and
M,. The effects of these parameters are discussed in Section 4,

3.2 Deep stall
The vortex-shedding phenomenon discussed previously fis the predominant
characteristic of this dynamic stall regime, The passape of the vortex over

the upper surface of the airfoil produces values of Cp, Gy and Cp  far in
oxcess of theit static counterparts when .« s increasing, and large amounts

2-6

n s e b o o b e




TR R g — .

of hysteresls occur during the rest of

the cycle., 1The scale of the viascous NACA 0012 M= 03 « =ag+10°alnwt
interaction zone 1ls also large; the
thicknoss of the viscous layer is on LIGHYT 8TALL
the order of the airfoil chord during Ar " R
the vortex-shedding process. 0 1\_‘
°M_1 - t / ag~6°
Figures 7 and 8 (from Ref, 8) ) . 1 1 l

illustrate some of tha qualitative and -2
quancitative differences in light and.. .
desp dynamic stall. Moment stall,
denoted by M, occurs rather abruptly
for all three values of oy, but the
deep stall drop in 1lift after Cyya.s
denoted by L, is not evident in the
light stall case. The large negative
values of Cy are due to the vortex.

The qualitative features of deep

stall are less sensitive to the details -6 L L 1 )
of the airfoil motion, airfoil geome- -2 n/2 3w/2
try, Reynolds number, and Mach number, wt

provided strong shock waves do not
develop (Ref. 8). The quantitative
airloads depend primarily on the time
history of the angle of attack for
the portion of the cycle when «a
exceeds the static stall angle agg
This feature and other details of the flow behuvior will become evident in
the following discussions.

Fig. 8. Effect of mean angle on the
time history of pitching moment
coeffioient for the conditions of
Fig. 7.

4. FEFFECTS OF VARIOUS PARAMETERS

One of the reasons that dynamic stall is more difficult to analyze and
predict than static stall is its dependence on a much larger number of param~
eters. Table 2 gives a general indication of some of the more important ones
and thelr effects.

4,1 Airfoil Geometry

Especially in the light stall regime, the leading-edge geometry of an
airfoil is a principal factor in determiniug the boundary-layer separation
characteristics. Airfoils with moderately sharp leading edges tend to develop
severe adverse pressure gradients in the first few percent of chord, leading
to abrupt boundary-layer separation there that spreads rapidly downstrcam.
This 1is referred to as "leading-edge stall," and it produces a relatively
concentrated vortex and abrupt changes in €¢;, Cyq, and Cp during the develop-
ment of the dynamic stall events., This contrasts with trailing-edge stall,
which is more common on airfoils with rei.tively blunt noses or large amounts
of leading~edge camber. In this case, the boundary-layer scparation progressces
forward from the trailing edge, the onset of stall tends to cccur more grad-
ually, and unsteady effects tend to suppress the separation more than on
leading~edge stalling airfoils. Also, the more gradual the trailing-edge
separation, the less likely negative aerodynamic damping will vecur.

Fipures 9 and 10 show some of the atrfofl sections that have been
studied by the author and his colteapgues (Refs, 6-8). Results in the light

2-7
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TABLE 2.-- IMPORTANCE OF DYNAMIC STALIL

PARAMETERS
Stall parameter Effoct
Alrfoll shape Large In some cascs
Mach number Small below M, ~ 0.2,
Large above M, ~ 0,2
Reynolds number Small (%) at low Mach number,

Unknown at high Mach number
Reduced frequency Large

Mean angle, amplitude Large

Type of motion Virtually unknown

Three-dimensional Virtually unknown
effects

Tunnel effects Virtually unknown
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stall and stall onset reglmes for the profiles in Fig. 10 are shown iIn
Fig. 11, which 11luatrates how widely the aerodynamic ceoefficients can vary
for one set of unsteady conditions.

The type of boundary-layer separation is listed for each section in
Fip. 11, In this exampie, the maximum incidence, 15°, was morc than 1° greater
than the stacic stall angle of all the airfoils, except the NLR-7301. Conse-
quent Iy, the other seven sections exhibited some dynamic overshoot of Gy
However, this came at the expense of large pitching moments on the NACA 0012,
Wortmann FX-098, Sikorsky SC-1095, Huphes HH-02, and NLR-1 alrfeils, and
negative pitch damping on the 0012 and SC-1095,

The differences between these aivfolls are diminished in deep stall,
where the vortex shedding becomes fully developed.,  Figure 12 (from Ref. 8)
sthiows the 1ife, moment, and drap vesults for four of the efight sectlions in
Pips, 10 and t1. The lhysteresis loops for the Ames-01, VR-7, and NLR-1 afir-
Cobls are remarkably similar, differing princinally in the angle for the
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onaat of atall, in the magnitude of the peak forces and momentsa, and in the
atrength of the gecondary vortex at or near Omax+ The same could be said
for the other four airfoils (mot shown).

4.2 Reduced Frequency

An important parameter affecting dynamic stall is obvioualy the reduced
frequency of the oscillation, but its influence depends on the stall regime
and the type of boundary-layer separation. For example, Figa. 13 and 14
(from Ref. 9) show opposite trends in the light stall regime for leading-edge

and trailing edge stalling airfoils tested under
other hand, Fig. 15 (from Ref. 2) is more representative of the trends in deep

dynamic stall., In this case,

identical conditions. On the

the vortex-shedding phenomenon developed for
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k > 0.05 and the strength of the vortcex appeared to become jndependent of
reduced frequency for k > .15,

4,3 Amplitude and Mean Angle

For periodic motion, a, and «, cannot be completely separated since
Omax = &g + @ is very important in determining the amount of separation.
This was discussed previously in connection with Figs., 6 to 8; but in those
cxamples, o, remained constant while «, varied. On the other hand,
Fig. 16 shows the effect of varying a with u, and the pitch rate parameter
‘max held constant (&maxc/uw = 241k). For the deep stall cases of a, = 10°
and 14°, the vortex-shedding phenomenon begins while « is still incteasing.
The subscquent flow-ficld development is very similar for these two cases,
although the different stall events occur at different phases in the cycle.
However, when o, = 6°, dynamic stall does not begin until after oy,x3 this
oceurs as o 1s decreasing. As a result, the vortex effect is less pro-
nounced, and the results are more representative of light stall, This is not
unexpected and, in the limit of very small amplitude, the vortex would essen-

rially disappear.

An interesting comparison can be made if combinations of «,, @,, and k
are selected to match the a(t) histeries over the portion of the cycle where
«  exceeds the static stall angle. One such example is shown in Fig. 17. 1In
these two data sets, the pitch rates, &, are very nearly the same at
a = 17°, which is about where moment stall begins, 7The 1lift and moment data

2-11
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are almost identical on the upstroke and throughout most of the stall events,
whether viewed versus Ugt/c or versus o. This would not be the case if the
1{t) histories were not so closely matched,

A close examination of numerous cases from Ref. 8 and elsewhere indicates
the general rule that the better the match between the a(t) histories between

2-12
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Mgtatlc stalls “max» 884 Oreattachment» the better the match between the aero-
dynamic coefficients, at least for pitching motions in deep stall, Howcver,
the extent to which this conclusion can be extanded to light stall or to other
types of motion remains to be established,

4.4 Mach Number

Even at relatively low free-stream Mach number, supersonic flow can
develop near the leading edge of an airfoil at high incidence. This is shown
schematically in Fig. 18, in comparison with the more conventional transonic
alrfoll problem. As M, increases, eventually the supersonic zone would be
expected to terminate in a shock wave of nufficient strength to cause boundary-
layer separation and leading-edge stall. The impact of such shock-induced
separation on dynamic stall in general, and on the vortex-shedding phenomenon
in particular, has not yet been assessed to any significant extent,

d

¢ 1

x'c L

Fig. 18. Sketch of two types of travisorie flow on atrfoils.

Figure 19 shows some effects of increasing Mach number on dynamic stall,
The data are tcken from Liiva et al. (Ref. 10); here progressively smaller
mean angles were selected because of the decrease in the static stall angle
with increasing Mach number. The similarity of the static stall characteris-
ties at M = 0.2 and 0.4 suggests that transonic shock-wave formation doces
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not play a rolc in either case, but the static M = 0.6 data show clear
cvidence of shock-induced separation and gtall. The dynamic data at M = 0.6
suggeat that the formation of shoek waves somehow inhibits the davelopment of
the vortex~shedding process, although some vestiges of the phenomenon remain.
New boundary-layer and flow-field measurements similar to the ones that have
been done at lower speeds are needed to resolve this question further.

4.5 Other Types of Motion

Most of the available information concerning dynamic stall has been
obtained on airfoils oscillating sinusoidally in pitch about an axis at the
quarter-chord., However, limited etudies of other forms of periodic and non-
periodic motion shown qualitative agreement with most of the results outlined
above.

Plunging osclllations, or vertical translational motion, produce an
equivalent fluctuating angle of attack, Oaff = -h/U,, superimposed on the
mean incidence a4, Current engineering practice is to assume that the resul-
tant flow fields and airloads are equivalent to those due to pitching oscilla-
tions. This appears reasonable for deep stall, as indicated in Fig. 20 (from
Ref. 11), but significant differences have been reported for light stall
(Refs. 12, 13).

The studies of Maresca et al.
(Ref., 11) also established the exis-
tence of the vortex-shedding phenom~
PLUNGE enon and strong hysteresis effects
— o = PITCH due to translational oscillations in

* # ¢ 3TATIC the streamwise direction and at
various oblique angles rei. :ive to
the oncoming flow. In the
1ongitudina1—oscillation case, for
example, unsteady effects werc found
to be strong enough to unstall the
airfoil during part of the cycle,
even when the incidence was consid=
erably above the statlc stall angle.

Qoff - 15 + 10 sinwt, k=015
201

15

1.0}

5

4.6 Three-Dimensional Effects

Despite the fact that almost all
* practical devices develop three-
0 L I 1 S T dimensional flow, common engineering
0 » 10 w2 % %0 practice is to use so-called strip

tett- I theory and the two-dimensional stall
Fig. S¢. Comparieon of ptich and characteristics outlined above.
phunge resulta i deep atall. This is partly due to simplicity and
partly due to the acute lack of three-
dimensional informatioen.

As a first step, St. Hilaire et al. (Ref. 14) examined the effect of
gweeping an osclilating wing model at an angle A with respect to the free
stream, as shown in Fig. 21, Figure 22 shows typical 1ift and moment results,
respectively, where the coefficients are normalized with respect to the veloe-
{Ly compunent pormal to the leading edge, U, vos A, and o 1is similarly
defined. Sweep tends to delay the onset of dynamic stall and to reduce the
pate of change of  Cp and Gy o stall begins., Tt also reduce somewhat the
mapnltude of the hysteresis loops.
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Finally, the measurementa of McCroskey and Fisher (Ref. 15) on a model
helicopter rotor may be mentioned. At a spanwisc station r, the rotor blade
clement experiences a periodic velocity component Vi = 6r + V, nin it wnormal
to the leading edge and a spanwise component V, cos it due to combined rota-
tional and translational motion of the rotor. In addition, the angle of
attack changes periodically due to a complicated combination of pitching and
plunging motion,

Fligura 23 shows two cases from Ref. 15, where V¥ = @it. For the deep stall
case, a detalled analysis of the pressure data indicated that the stall events
and the airloads were essentially the same as those on an airfoil oscillating
in pitch for 90 < ¥ <€ 270°, provided the large-amplitude oscillations in «
were approximately matched. The vortex-shedding pheunomenon appeared at
¥ 5 210°, followed by large transient overshoots in Cp, and Cy that excited
stall flutter at the torsional natural frequency of the blades.

V. /AR = 0.356 r/R = 0.76

Vol
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Fig. 23. Flade elerent cnvivonment and airioads on a medel rotor.

However, these and other model rotor data indicate that three-dimensional
effecta produce significantly larger 1lift for 270° < ¥ < 360, after the
vortex passes off the blade and into the wake. At the moment, therefore, the
use of two-dimensional airfoil data to predict the alrloads on devices such as

helicopter rotors and wind turbines should be viewed with a certain amount of
caution.

5. METHODS OF CALCULATION

The physical aspects of the phenomenon of dynamic stall have been out-
lined in previous sections. We consider now a number of special techniques
that have been suggested for predicting the engineering quantities of interest,
such a8 the instantaneous values of 1ift, drag, and pitching moment. It should
be emphasized that all of thesec methods are still being developed, refined, and
improved, even in two spatial dimensions. Furthermore, all of the techniques
invoke some aort of simplifying assumptions and approximations and are tatlored
to the apecific features of some particular stall regime or to a relatively
narrow range of parameters.
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5.1 Discrete Potential Vortex Approach

A promising annlytical approach to the deep dynamic stall regimo in
fncompressible flow takea 1ts cue from the discrete vortex model that has heen
applied to bluff-body separation, skotched in Fig. 24(a). 1In the almpler cane
of a eireular cylinder in the low gubcritical Reynolde number regime, alternate
or staggered rows of potential vortices produce the essentisl featurea of the
forces on the cylinder, but thae vortex spacing and frequency have to be speci-
fied empirically.

FLATY PLATE,
IMPULSIVE START
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The vortex—shedding phenomenon on @ thin flat plate was first modeled by
a series of cmitted vortices by Ham (Ref. 1b), as showm on the right in
Fig., 24. Fach vortex moves under the influence of all the others, and the
result is a tendency for the individual filaments to coalesce into a structure
that resecmbles the experimentally observed features of dynamic stall.

As In the case of the cylinder, assumpt Lons must be made regarding the
peometry and strength of the vortex emissions, In fact, the crux of this
general approach lles in choosing the strength assigned to cach vortex and In
the mechanlsm for relatiug the birth of the vortices to the boundary-layer-
separation characteristics on the body. Ham gtarted the process at an
arbitrarily assumed incidence and adjusted the strength of the vortex cmis-
sions to cnsure stagnation points at the two edges of the plate, This amounts
to {mposing a speelal Kutta condition az the leading edge as well as at the
trailing cdge.

This approach has been extended by Baudu ot al. (Ret. 17) for an alrvfeil
with finite thickness and combined with a boundary-laver analysis to provide a
Jefinitton of the separvation point on the upper surtace, The vortices are
emitted trom the point of poundarv-layer sceparation in the leading-edge reglon,
ad the cirevtation of the voertex f{laments grows according te the flux of
vorticity from the boundavy layer.  The flow field resulting from the combina-
{ion of the body and the free vortices ts caleulated by an adaptation of the
numerfcal potential-=flow technlgue of Glesing (Ref. 18y,

rurt her ref inements and extensions of the discrete vortex approach have
peen made by Ono ot al. (Ref. 19y,  tnlike previous analysues, the alrteil

powwdary faver is approsimated by a lavey of discrete vortices whone strenpths

A=17
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are choseun to satls{y the no-slip condition on the surface. The surface
vortex layor is divided into a small number of finite-length elements, with
one vortex filament just off the surface for euch element, as shown schemati-
cally in Fig, 25. At time step N, the vortex MK fnduces a surface
velocity AqNsK = [oN,k+1 _ N k}/(gk+1 _ gK] that cancels the veloeity that
would otherwise exlst for irrotational flow around the body. Each vortex
filament 1s then allowed to convect to a new position at the next time step
under the influence of the flow field due to the body and all of the
vortices, As time progresses and new vortices are created near the body,
"separation" and the clustering of vortices into something resembling the
vortex-shedding phenomenon observed in experiments evolves naturally.

Figure 26 shows a typlcal pattern of vortices and che resultant streamlines.

NO-SLIP BOUNDARY CONDITION:
lu—ﬂ-nv -lv-yl-n =0
SATISFIED 8Y CONDITION IMPOSED ON Ad

Nk X
Ad™- ‘l‘kGI_"k

Flge Nes Application of the diaorete vorter model to o ceelHlating aivpoil.

In principle, the only free parameters in this method are the size of the

time steps and the number of elements used to represent the boundary layer
around the body., However, since the mumber of generated vortices continually

Increases, computational limitations dictated two further approximations in the
™

aleulations that have been performed to date (Ref. 19), The first was to

altow clusters of vortices far away from the body to be replaced by a single

equivalent vortex. Sccond, the number of clemetits represent ing the boundarvy

aver was severely Hmited after the first time step. The results so obtained

appear qualitatively correct for dynamfc stall at low Reynolds numbers, but

t

he method needs further development to become a practical engineering tool,

5.7 Zonal Methods

Pspecially in the light stall regime, the viscous repion tends to remain

relatively thin, For flow fields of this type (Fig. !7), the various rveplons
cian be medeled separately and coupled in some appropriate fashion,

J-18

"?""“““““““““‘Agﬁﬂ‘




j
]

A o

1) CLOCKWISE ROTATION

3 % COUNTERCLOCKWISE ROTATION X0
xﬁ‘ X P
U0
R X
X X x X%
x x x*; x
0o ok o (X X xx %
X 1 )@ w100 x
% o 0 o
X

b .
t— — .. -
{b} STREAMLINES

Fig. 26, Disevete vortex vesults for an oseillating aivfoil;
o = 159 + 157 sin wr, k = 2,45,

SEPARATION

BUBBLE EOGE OF
N VISCOUS LAYER
@ ({ T~
——— _ SEPARATFD
u. . ~
LAMINAR LA WAKE
FLOW : . ! e

- = v

TURBULENT
ELOW

® STRONG INTERACTION
¢ VISCOUS LAYER - ¢ |AIRFOIL THICKNESS)

Fia. 07, Sketok of the flow ficid for Hight denie sfall with tratling

cdae acparat.fon,

5.2.1 Thin-boundary-layer appreoach- The classical Prandtl boundary-
layer equations, incorporating some sort of turbulence modeling and modified
toe include unsteady terms, have been used by several authors (see Ref. 1) to
investipate some of the characteristics of dynamic stall. These studies have
shed light on the delay in the onset of dynamic stall and on the differences
between steady and unsteady separation; but lacking any coupling between the
viscous and inviscid regions, this approach has very Timited quantitative
uselfulness.  Also, it gives few clues to the mechanisms responsible for the
vortes-shedding phenomenon, which {s such a prominent feature of dynamic

stalt.

5,2,2 Coupled viscous-inviscid interactions- The analysis of Crimi and

Reoves {(Ref. 20) retained boundary-laver concepts wherever possible, while
allowing a strong coupling to exist between the viscous flow In the separated
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zone and the surrounding inviscid flow. These authors modaled the inviscid
flow with an extension of unsteady thin~airfoll theory, representing the air-
foil and the scparated flow wiih distributed Source and vortex singularitics.
Finite-difference caleulations of the unsteady boundary-layer equations were
performed for the attached flow, using an eddy-viscoaity model for the turbu-
lent flow., In the absence of boundary-layer separation, no interaction
between the viscous and inviscid flow was considered. The leading-edge scpa-
ration bubble formation was analyzed to determine whether reattachment would
occur or whether the bubble would "burst,” and this criterion was used to
distinguish between leading~edge and trziling-edge stall.

A number of approximations and assumptions were made in developing the
analysis, but most of the essential flow elements seem to have been included.
Although the application to tralling-edge stall was not attempted, the method
was applied to 2 variety of unsteady airfoil and helicopter problems, with
varying degrees of success. One of the main faults was that the basic pre-
diction of whether the leading-edge bubble would burst did not seem to depend
on Reynolds number and leading-edge geometry in the proper manner. Attempts
by the present author to apply the method to the prediction of the static and
dynamic stall characteristics of several helicopter-type airfoils which are
thought to stall by the bubble bursting mechanism did not correlate well with
experiments. Furthermore, the viscous part of the analysis does not account
for the feature of a thin layer of reversed flow near the wall before and dur
Ing the beginning of trailing-edge stall, nor for highly organized vortex-
shedding, as discussed earlier.

I

More recently, Rao et al., (Ref. 21) extended a steady viscous-inviscid
interaction method (Ref., 22) to dvnamic stall by introducing an empirical
delay parameter, At, inte an effective angle of attack,

Qeff = 9, ooy sin(et - WAT).  The parameter At is considered to be a funce-
tion of a; and k for a given airfoil and is constant throughout the cyele.
The potential flow at each value of dafr  1s calculated by panel methods,
with a distribution of sources and vortices representing the airfoll and
vortex sheets representing {ree-shear layers. The free—shear layers approxi-
mately coincide with the edges of the viscous Llayers in Fig. 27 and are slip=-
suarface streamlines,  They define an effective wake, which is assumed to be
lrrotational and to have a constant total pressure less than that of the free
stream,  The point where the upper-surface vortex sheet leaves the airfoll is
determined by an integral boundarv-tayer calculation of the separation point
{(point § in Fig. 27). The resultant confipuration is sketched in Fig. 28,
Iterations are performed at each value of daff until the wake shape and
separation points converge; actually, the convergence criterion is that Cy,
change less than 1%,
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Although realistic hystercais loops of Cy and Cy versus a have been
enleulated, the results published so far (Ref. 21) caunot be consideroed pre-
dictive because they depend heavily on the arbitrary cholce of AT, And as in
the analysis of Crimi and Reeves (Ref. 20), nelther the speclal features of
unsteady reversed flow nor strong vortax shedding have been included. However,
with additional modifications and refinements, these zonal methods could offer
a reasonable balance of rigor, accuracy, and computational efficiency, at
least for light dynamic stall.

5.3 Navier-Stokes Calculations

The limitations and approximations of zonal methods and the questions of
unsteady separation models can, in principle, be avolded by solving the full
Navier-Stokes equations. However, turbulence must be modeled and a number of
computational difficulties must be overcome if this approach is to be realistic
for most practical applications.

Several recently developed methods for laminar flows, discussed in Refs, 1
to 4, have shed considerable light on the physical mechanisms of deep dynamic
stall at low Reynolds numbers and have laid the computational foundations for
high-Reynolds-number solutions of the so~called Reynolds-averaged, Navier-
Stokes cquations. For incompressible flow in two dimensions, they may be
expressed asi:

Veq = 0 (1)
li i . JET—E
St + qO\"q = e ‘—) \p + \'\"'q - BX, (2)
]

where § trepresents the velocity vector (u,v) time-averaged over an interval
short with respect tu the time scale of the motion, but long with respect to
the time scale of the turbulence, and -puju iz the Reynolds stress due to
the random turbulent fluctuations. The Reynolds stress term vanishes in
laminar flow and is to be modeled (empivically or ctherwise) in the turbulent
case. The particular representation of the detailed physics of turbulence is
crucial In many steady-flow problems that are dominated by viscous effects,
However, the importance of turbulence modeling in dynamic stall has vet to be
established.

Numerical codes using various turbulence models that have been developed
for steady flow are currvently under developmeut at several rescarch centers.
A fow very preliminary results have been published (Refs. 23, 24) and more
will become available in the near future. However, gquite apart from the ques-
tion of the large computational times and storages requived, Lt will be some
time before these codes are adeguately tested and verified. Nevertheless, the
carcful and selective analysis of new numerical results for both light and
deep dynamic stall will be especially beneficial in gulding the development of
more approximate enginecring analyses and prediction methods based on emplirical
correlat ions of wind-tunnel data,

[# i

vod o Empirical Corvelation Techniques

The helicopter industry has develeped several enginecring proediction
techindques based on empivical correlations of wind=-tunuel data for estimating
the wasteady alrloads on oscillating airtoils, These methods seek to corre-
Tate force and moment data obtained from velatively simple wind-tunmnel tests
in formulatfens that show the ef fects o the numerous relevant paramcters
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such as airfoil shapae, Maech number, amplitude and frequency of oscillations,
mean angle, and type of motion,

Common to all the avallable literaturce relevant to dynamic atall ia the
observation that unsteady effects increase with Increasing pitch rate, that
is, rate of change of airfoil incidence. It 1s alsc evident that the dynamic
stall events require finite times to develop. Therefore, some form of the
dimensionless parameters aec/U, and U At/c appears in all of the empirical
methods., Another common aspect is that the empirical correlations are used as
corrections to steady airfoil data, so that most geometrical, Reynolds number,

and Mach number effects are only accounted for insofar as they determine the
gstatic section characteristics,

The highlights of several methods currently in use by the helicopter
industry are outlined below. More detailed accounts of each can be fourd in
the references cited and in Refs. 2 to 4.

3.4.1 Boeing-Vertol gamma function method (Refs, 25, 26)- The onset of
dynamic stall is assumed to occur at apg = 6gg + Aap, where tagg 1s the
statlc stall angle and Aopy = yv&c/U,. The quantity vy, which is the essen-
tial empirical function, depends on airfoil geometry and Mach number and is
different for lift and moment stall. The gamma functions were generated from
a large amount of data generated in a transonic wind-tunnel test of various
airfoils oscillating sinusoidally in pitch. The foree an® moment coeffinients
are constructed from static data using an equivalent angle of attack that
accounts for unsteady potential-flow effects, Aggs and a reference angle,
ar = a # YVI&c!Um],* as follows:

¢, = [aeq/ar]LL(nr)

ur based on

Y
lift
Cy = CD(ur) (3)

CM = [0.25 - ch]CL

The location of the aerodynamic center of pressure, Xop: is specified empiri-
cally in the curvent version of the method. This formulation permits a
dynamic overshoot of € above its maximum static value, but not of C
Also, note that apg 1s always less than

.

Yaxe Since Aoy = 0 when o= 0,
5.4.2 UTRC o, A, B method (Refs., 27, 28)- A table-lcekup correlation
method, which has recently been synthesized into a more str.amlined format,
was developed at United Technologies Research Center to determine Gy, and Cy
from three independent parameters of the airfoil motion. The choice of the
parameters was inspired by thin-airfoil potential theory; they are instantan-
eous incldence o(t), angular velocity parameter A = ac/2U,, and angular
acceleration parameter B = Gc”/4U.%. It is interesting to note that these
three parameters are sufficient to define to engineering accuracy the matching
a(t) histories for the two cases shown in Flg. 17. The data base for the
empirical correlations came from experiments on an NACA 0012 airfoil oscillat-
ing in piteh at M < 0.3, including both sinusoidal and nonsinusoidal motion.
Nene of the data attained the extreme values that have been observed to
accompany the fully developed vortex-shedding phenonenon of deep stall.

5.4.3 MIT method (Ref, 29)- This method is basically an empirical repre-
sentation of the forces and moments due to the vortex-shedding phenomenon for
ramp changes in angle of attack. The actual angle of dynamic stall must be

*The sipn of the radical term s taken to be vpposite to the sign of &,
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specified separately; the value opg ™ g + 3° has normally been used, TFor
agg < o < apgs the data are extrapoiated rom below static stall. Starting at
o = apgs Cp, end are assumed to increasc linearly with time over a apecl-
fied time interval, from inviacid values to peak values that dapend on  &c/U,
at the instant of dynamic stall. 1f this is attained before o = Omaxs then
Cy, and Cy remalin constant until Ogaxe They decay exponentially® with pre=
apsigned time constants thereafter until the static stall valuea are attained.
These new values are retained until o = agg ON =he downstroke, when the
unstalled static sectlon characteristics are reattained.

5.4.4 Lockheed method (Refs, 30, 31)- This combined analytical and
empirical modeling of dynamic stall incorporates phase-lag time conatants and
pitch—rate—dependent. gtall-angle delay increments into a ficticious effective
angle of attack. This effective angle 1is used to conatruct O, and Cy from
static airfoil characteristics and a linear combination of a number of sepa~
rate dynamic stall elements. Some of these elements are assumed to.be analo-
gous to flow phenomena that have been treated elsewhere in the literature,
such as leading-edge jets, the lag in circulation buildup on a pitching alr-
foil in potential flow, separation over moving walls, fluctuating pressure
propagation in turbulent boundary layers, and the vortex 1lift due to leading~
edge vortices on delta wings. Other elements are modeled directly from
dynamic stall measurements on oscillating airfoils. 1In this sense, the
method has more degrees of freedom than any of the others, and information
from many sources has been utilized.

At low frequency, the phase lag of the effective incidence is linearly
proportional to k. The latest version (Ref. 31) includes increments of Cp
and Cy due to the vortex-shedding phenomenon that are proportional to
sin? a. Compressibility corrections are developed from various arplications
of the Prandtl-Glauvert rule. This is the only method which distingaishes
between pitching and plunging motion.

5.4.5 Time-delay methods (Refs. 4, 32)- The basic idea of this approach
is that each dynamic stall event 1s governed by a separate universal dimen-
aionless time constant of the form T = Ugat/c, regardless of the time history
of the motion; T may be identified with the parameter & = 20,t/c, which is
fundamental to expressions for the indicial aerodynamic response in the
attached-flow regime. The construction of the force and moment characteris-
tics can be explained with the ald of Fig. 29. If t, is the tiwe at which
the angle of attack passes through ocgg, then moment stall begins at time
t, = to + 1,¢/U, and Cimax ©OCCUrs at ts = tg + 1,c/Uy. For t <t
(line segments 1l in the figure), the values of Cp and Cy are taken from
unsteady potential theory. For t; <t < tys Cp continues this trend, but
the aerodynamic center of pressure moves rearward along the locus of the static
curve of X., versus a. Therefore, -Cy increases along line segment 2 accord~
ing to the relation Cy = (0.25 - xcp)CL during this time interval.

After 11ft stall at t = Ly, C;, decreases by an empirical exponential
law with reepect to time, whereas Cy 1s calculated from the same relation
as before. Line segments 3 terminate at o = agg and at a value of Cj,
that corresponds to a fully separated approximation, indicated in Fig. 29.
The return to minimum jncidence, line segments 4, is governed by still other
exponential functions.

The Sikorsky version (Ref. 32) now uses the values T, = 2,5 and
T, ® 5,0 for the time constants. It makes no provision for compressibility
phenomena other than in the static characteristics for CL(u) and ch(a), nor

*A lincar decay over a time interval Awt = 0.2 has also been used,
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for the contribution of the vortex-
shedding phonomenon to Cy, and Cy.
The Weatlands vorailon (Ref, 4)
includes a dynamic leading-edge stall
criterion in 1, that partially
accounts for compreasibility effects
and changeovers from trailing-edge to
leading-edge stall., This method also
scems to bo the only one to recognize
the simple drag relationship,

P Cp = C;, tan a, that obtzins once the
v ! leading-edge suction 18 lost at Ty

'hSTﬁTm.FULLYSEPARATED

STATIC

a 7 4

s

5.4.6 ONERA method (Ref. 33)-
- -~ In contrast to the preceding methods
i that essencially curve-fit experimen-
;4“STANCSTALL . tal data with various algebraic or
— transcendental functions, this recent
: method utilizes a system of ordinary
differential equations. If F repre-
sents a dynamie force coefficient,
3 e.8., Cp, or Cy, and F, represents
the corresponding static coefficient,
A then F 1is split into a "linear" part
J F, and a "nonlinear" part F,; the
ki system 1s written as

Fig. 29, GSketek of “he time-delay
method.

4

A .“_<;.

F=F +F, (4)

+ a:& + aja (3)

Fl + alFl ﬂlF

tin
. davg

?2 + ﬂqu + ast “aSAFO + asu dﬂ (6)

Bl

Here A¥F, represents the departure of the stutic cocfficient from its linear
trend, as illustrated for 1ift in Fig. 30, t 1is dimensionless time, and
815 435 v ., 35 are coefficients to he determined empirically.

For illustrative purposes, sinusoidal p.ltch oscillations, a=a,+a, sinwt,
are considered, Below stall, that is, wp., < agq, F, = 0 and Eq. (5) with
constant coefficlents closely approximates the behavior of unsteady, linear,
thin-airfoil theory. 1In the stall domain, however, a, varies as a function
of @ and hence with time. Each 4y is evaluated by local linearization
about w,. That is, data from a series of smiall-amplitude oscillations about
varlous values of «, arc used to develop empirical relations for an{as).
This requires a large quantity of small-amplitude data, but ONERA has devel-
oped a systematic way of gencrating these data very cisiciently, once the
peculiar requirements of the method are recognized,

Figure 31 derived from Ref. 33 illustrates some predictions for moderate-
amplitude oscillations using the nn's derived from data for which a, = 1°
or less, Comparable results were obtained for Cyy -

2:4.7 Dircussion of the methods- All the methods described above pro-
vide estimates of the effects of unsteady incidence changes, but each has
seme shortcomings.  Each methed manages to reproduce reasonably well most of
the data sets that were used in its development, but almest no comparfsons
have been made between any given method and indupendent sets of data,
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One notahle exception has been
described in Refa, 2 to 4. Wich the
assistance of the originators and /
thelr colleagues, the present writer aF jlo} o Fyyy = F //'
was able to compare the results of nee 2
saveral of the aforementioned methods \:>\\
to an ludependent deep stall experi- A s
ment. Four predicted quantities were Flin/ Y
compared: the phase angle, wi, at
the onset of moment stall; the phase /
angle and maximum value of the normal
force coefficient; and the value of

Cﬁmin'

The Boeing-Vertol and UTRC
methods tended to underpredict the
effect of the dynamic stall vortex on
maximum force and moment from the
experiment, especlally for large «,,
whereas the MIT and Lockheed methods 0 g,
overemphasized the importance of a
vortex shedding on Cy. The Sikorsky Fig. 30. Sketch of the components
time-delay method gave reasonable of the ONERA method.
values for CLmax and CHmin' However,

~mwe?

i Flty= ¥4 ¢ F3

this was somewhat fortultous because it tended to predict 1ift stall later
than the experiment, thereby compensating for the fallure to include the
extra 1ift due to the vortex. The phase-angle results for the other methods
were mixed.

A preliminary examination of the newer ONERA method has been encouraging,

but it has also revealed that it is not well suited to data sets that were
generated without regard to its small-amplitude and high-frequency requirements.
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Reasonable predictions >f surprisingly large-amplitude results wore obtained
At low reduced frequencies, but not when both o, and k were relatively
large, e.g., ®, = 10° and k = 0,10, Also, 1t does not appear to be able to

model changes in stall bhehavior, such as, for cxample, static tralling-cdge
converting to dynamic leading-cdge stall,

6. CONCLUDING REMARKS

The general features of dynamic stall on ogcillating airialls have been
explained in terms of the vortex-shedding pkenomenon, and the important differ-
ences between static stall, light dynamle 4tall, and deep stall have been
described. The present level of knowledge has been enhanced somewhat by
potential theory, boundary-layer theory, and Navier-Stokes calculations. How-
ever, most of what we know today has come from experiments and semiempirical
modeling of the fluld dynamic forces and moments. The prediction techniques
that have been developed for helicopter applications are conslderably better
than what was available a few years ago, but more satisfactory results await

a better theoretical understanding of the effects of various types of airfoil
motion and three-dimensional effects.

The caleculation of the flow around an oscillating airfoil at high inci-
dence is a formidable task. The qualitative features of dynamic stall air-
loads are captured by the empirical prediction methods, but all of them need
further quantitative improvements. At the present time, they are used for
engineering purposes in preference to the analytical and numerical techniques
that werc described. However, this is likely to change, especially for the
light stall domaln, as the current efforts to develop analytical tools for
two-dimensional {lows begin to mature, Experiments, theoretical modeling, and
tumerical analyses can all be expected to play major roles in assessing and
Predicting the three-dimensional effects cncountered in practice, but which
are poorly understood at the present time,
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